We report on calculations of the anisotropy of the electron Hall mobility and its temperature dependence in n-type 6H-SiC. The model is based on the conduction band structure determined recently by a first-principle calculation. It provides explicit and easy to use analytical expressions for both drift and Hall mobilities. The calculation of the Hall mobility based on our model agrees very well with experimentally determined anisotropic Hall mobility in 6H-SiC.
I. INTRODUCTION
Rapid progress of the SiC growth technology in the past decade has lead to a development of a wide variety of novel electronic devices having high operation temperatures, high breakdown voltages, low leakage currents, large thermal conductivities, and strong resistances against external radiation.
1 A large number of SiC devices are based on hexagonal polytypes, e.g., 4H and 6H-SiC, because of their peculiar material properties suited for the above-mentioned device applications. 2 One of the issues that needs to be addressed when fabricating electronic devices using hexagonal SiC is the fact that the electron mobility depends strongly on the crystallographic direction of traveling carriers due to the anisotropic structure of conduction bands. It was shown recently that the anisotropy of the electron Hall mobility in 6H-SiC could be as large as a factor of 4.5 at room temperature. 3 Quantitative understanding of such anisotropy is important especially for the designing of devices and development of reliable device simulators. Up to now both experimental 3, 4 and computational [5] [6] [7] [8] investigations on the anisotropy of the electron ''mobility'' have been performed on hexagonal SiC. The experimentalists have found a large anisotropy of the electron Hall mobility in 6H-SiC which depends on the crystallographic direction of the externally applied magnetic field and electronic current in Hall effect measurements. 3, 4 In an effort to explain such large anisotropy, a number of Monte Carlo simulations of the electron drift mobility ͑NOT the Hall mobility!͒ has been performed and their results were compared directly to the experimental findings. [5] [6] [7] [8] However, it is well known that the values of the drift mobility are different from those of the Hall mobility by a variable known as the Hall factor, i.e., a development of a theoretical model that allows for the calculation of the Hall mobility is needed for the direct comparison with experiments. 9 In this work we present a theoretical model describing both the drift and Hall mobilities in 6H-SiC. The model is based on the conduction band structure determined recently by a first-principle calculation. 10, 11 Unlike the results of the Monte Carlo simulation, our model provides explicit and easy to use analytical expressions for the drift and Hall mobilities. The mathematical model for the drift mobility may be useful for the device simulation while that for the Hall mobility allows for the direct comparison between theory and experiments. A numerical calculation of the Hall mobility as a function of temperature has been performed for the three distinct Hall measurement configurations shown in Fig.  1͑a͒ ͓jЌc,B ʈ c͔, Fig. 1͑b͒ ͓jЌc,BЌc͔, and Fig. 1͑c͒ ͓j ʈ c,BЌc͔, where j is the externally applied current vector, B is the magnetic field, and c is the direction of the c axis of a hexagonal unit cell. The result of our Hall mobility calculation for an n-type, nitrogen doped 6H-SiC single crystal is compared directly to the experimentally measured Hall mobilities in the three distinct Hall configurations.
II. METHOD AND MODEL
The band structure of 6H-SiC which we employed in this work is shown in Fig. 2 . There are six semiellipsoidal constant energy surfaces for electrons centered exactly at M points in the first Brillouin zone. The conduction band structures along three principle axes, i.e., the directions along M -⌫, M -K, and M -L points shown in Fig. 2 , are assumed to be parabolic. The effective masses in M -⌫, M -K, and M -L directions are m 1 *ϭ0.75m 0 , m 2 *ϭ0.24m 0 , and m 3 * ϭ1.83m 0 , respectively, where m 0 is the free electron rest mass. This band structure for 6H-SiC is a simplified version of the recent advanced first-principle calculation which predict six semidumbbell shaped constant energy surfaces centered exactly at M points, i.e., there are 12 equivalent conduction band minima at points between M and L. 10, 11 The dumbbells are replaced with ellipsoids here since the center dips in the dumbbells at M points predicted by theory are reasonably small ͑ϳ10 meV͒ and they can be neglected for our kind of low-field mobility study. fitting of the curvature of the conduction band minimum given by theory, 10 and are in good agreement with experimentally found values of effective masses. 12 Our strategy for obtaining the drift and Hall mobility consists of the following steps. First, we will derive an expression for the conductivity tensor including the magnetic field for one ellipsoid. We will then place three ellipsoids in proper positions in the reciprocal space and find the total conductivity tensor by adding the contribution from each of the three ellipsoids. This procedure will lead to analytical expressions for the drift and Hall mobilities as a function of the average electron relaxation time and the effective masses. Calculation of the average relaxation time will be presented at the end.
The electronic current vector JЈ for one ellipsoid in the presence of the magnetic field is given by
where the components of the conductivity tensor Ј are given by
EЈ is the applied electric field vector, q is the electron charge, T is the temperature, k is the relaxation time for an electron having wave vector k,
is the j component of the effective mass, and v kϭ1,2,3 is the k component of the electron velocity. The subscripts i, j,kϭ1,2,3 correspond to the x, y, and z directions for one ellipsoid taken along the M -⌫, M -K, and M -L direction, respectively. Each component of k and v in a spherical coordinate system is given by;
Inserting Eqs. ͑3a͒-͑3c͒ and Eqs. ͑4a͒-͑4c͒ in Eqs. ͑2a͒ and ͑2b͒, and by changing the variables where
we obtain
where nЈ is the electron concentration in each ellipsoid given by
where E C and E F are the energy of the conduction band and Fermi level, respectively. The total electron concentration n is given by a relation 3nЈϭn. Now we place three ellipsoids labeled lϭ1,2,3 in the k space as shown in Fig. 3 . Figure 3 is the top view of Fig. 2 with all the six semiellipsoids combined into three full ellipsoids. So far J lϭ1 Ј , J lϭ2 Ј , and J lϭ3 Ј of Eq. ͑1͒ is written for the independent coordinate systems x 1 Ϫy 1 Ϫz 1 , x 2 Ϫy 2 Ϫz 2 , and x 3 Ϫy 3 Ϫz 3 , respectively. The following transformation leads to the expressions for J lϭ1,2,3 that are written for the X -Y -Z coordinate system shown in Fig. 3 J
Finally we obtain the total current J in the X -Y -Z coordinate system as 
where B 1 -3 and E 1 -3 are the components of B and E in the X -Y -Z coordinate system. Thus the conductivity tensor in the X -Y -Z coordinate system is given by
͑12͒
The standard formula for in a semiconductor is given by:
where 1 -3 are the components of the drift mobility and H1 -3,1-3 are the components of the Hall mobility. By comparing Eqs. ͑12͒ and ͑13͒, we obtain the following analytical expressions for the drift and Hall mobilities: In order to calculate the drift and Hall mobilities using Eqs. ͑14a͒-͑14e͒ and Eqs. ͑15a͒-͑15c͒, one needs to find ͗ k ͘ 1 -3 and ͗ k 2 ͘ 1 -3 based on carrier scattering theory in semiconductors. For that purpose, we have considered four scattering mechanisms: ionized impurity scattering, acoustic phonon scattering, first order optical phonon scattering, and intervalley scattering. Among these four scattering mechanisms the ionized impurity scattering rate is the most sensitive with respect to the band structure anisotropy. Therefore, we have used the following expression, which takes into account the effect of anisotropy, for the calculation of the relaxation time ion for ionized impurity scattering:
where V k and V k Ј are the velocity of incident and scattered electrons having wave vectors k and kЈ, respectively. The matrix element H kk Ј is given by:
where n ion is the concentration of the ionized impurity, is the dielectric constant, and L D is the screening length given by
where N MJ and N MN are the concentration of the majority and minority impurities, respectively. The scattering rate op
Ϫ1
for the first-order optical phonon scattering is given by:
where m ds * is the density of the state effective mass given by (m 1 *m 2 *m 3 *) 1/3 , D op is the optical phonon deformation potential, and ⌰ op is the optical phonon temperature. Acoustic phonon deformation scattering rate ac Ϫ1 is given by:
where D ac is the acoustic phonon deformation potential, is the density, and v s is the sound velocity in the particular semiconductor. For intervalley scattering, we consider two processes involving phonons of temperatures ⌰ 2 and ⌰ 3 .
The scattering intv Ϫ1 is given by:
͑21͒
where w i /w 1 is the coupling constant. Finally, we obtain the average relaxation time by:
Values of 's and h i are given by Eqs. ͑16͒-͑21͒ and Eqs. ͑4a͒-͑4c͒, respectively. Calculation of the drift and Hall mobility is performed by inserting Eqs. ͑22͒ and ͑23͒ into Eqs. ͑14a͒-͑14e͒.
III. COMPARISON WITH EXPERIMENTS
We have performed Hall effect measurements on a nitrogen doped, n-type 6H-SiC sample in order to obtain Hall mobilities for the three configurations shown in Fig. 1 Hall mobilities ͑open circles͒ in the three configurations ͓jЌc,B ʈ c͔, ͓jЌc,BЌc͔, and ͓j ʈ c,BЌc͔, respectively. Dashed curves are obtained from the same calculation using the isotropic density-of-states effective mass. The existence of the large Hall mobility anisotropy is evident from Figs. 4͑a͒-4͑c͒. It is clearly shown that the model developed in this work agrees very well with experiments in all the three Hall effect configurations. The small deviation between calculation and experiment below 200 K is most likely due to the effect of hopping conduction. The hopping conduction at low temperatures tends to lower the mobility in the sample while our calculation neglects such an effect. The present calculation shows much better agreement with experiments than our previous work 19 since the effect of anisotropy on ionized impurity scattering is included. The result of the calculation using isotropic density-of-states effective mass does not agree at all with experiments as expected.
Figures 5͑a͒-5͑c͒ show the contribution of the four scattering mechanisms to the total mobility. The scattering mechanisms shown in Fig. 5 are ionized impurity scattering ͑ion͒, acoustic phonon deformation scattering ͑ac def͒, intervalley scattering of high ͑int-high͒, and low ͑int-low͒ energy phonons. The effect of first-order optical phonon scattering is so small that it does not affect the curves show in Fig. 4 . As is clear from Fig. 4 , intervalley scattering dominates the mobility at high temperatures while acoustic phonon deformation scattering becomes important at low temperatures.
IV. CONCLUSION
We have developed a theoretical model describing drift and Hall mobilities of electrons in 6H-SiC. Analytical expressions for the drift and Hall mobility anisotropy have been obtained and used to calculate the Hall mobility for the three distinct Hall measurement configurations. The experimentally determined Hall mobility in n-type 6H-SiC agrees very well with the calculation based on our model.
